Abstract-This paper describes the development of a packaged silicon carbide (SiC) based MEMS pressure sensor system designed specifically for a conventional turbofan engine. The electronic circuit is based on a Clapp-type oscillator that incorporates a 6H-SiC MESFET, a SiCN MEMS capacitive pressure sensor, titanate MIM capacitors, wirewound inductors, and thick film resistors. The pressure sensor serves as the capacitor in the LC tank circuit, thereby linking pressure to the resonant frequency of the oscillator. The oscillator and DC bias circuitry were fabricated on an alumina substrate and secured inside a metal housing. The packaged sensing system reliably operates at 0 to 350 psi and 25 to 540°C. The system has a pressure sensitivity of 6.8 x 10 -2 MHz/psi. The packaged system shows negligible difference in frequency response between 25 and ~400°C. The fully packaged sensor passed standard benchtop acceptance tests and was evaluated on a flight-worthy engine.
I. INTRODUCTION
The aerospace industry is replete with opportunities for harsh environment microsystems. Electronic systems that can detect changes in emissions, temperature, blade tip clearance and pressure in aircraft engines are currently under development [1] [2] [3] [4] . These systems must maintain stable operation in the harsh conditions associated with turbofan engines which include vibration, pressure and temperature. A leading approach to realizing electronics that are suitable for high temperature operation is to fabricate the active components from wide bandgap semiconductors. The leading material is silicon carbide (SiC) due to its favorable electronic and mechanical properties combined with advancements in electronic devices and sensors. The next step in the advancement of SiC-based microsystems for harsh environment applications is the development of integrated sensor systems. In fact, several examples have recently been published, including a capacitive pressure sensor that utilizes a Colpitts oscillator based on a SiC MESFET [5] and a piezoresistive sensor integrated with SiC JFET electronics [6] . These systems are able to function at temperatures as high as 400°C, however piezoresistive sensors exhibit undesirable temperature sensitivity and the Colpitts design may have long term reliability issues due to the number of environmentally-sensitive passive components required of the oscillator. To address these issues, we have developed a SiCbased capacitive pressure sensor system designed specifically for use in turbofan engines based on a Clapp-type oscillator.
II. SENSOR SYSTEM DESIGN AND FABRICATION
The pressure sensor system is centered on a 6H-SiC MESFET based Clapp-type oscillator described in detail elsewhere [4] . The Clapp-type oscillator in this system requires one inductor (L T ), three capacitors (C T , C 1 and C 2 ) and one MESFET. The advantage of the Clapp oscillator design is that the inductor (L T ) and capacitive pressure sensor (C T ) are used to set the operational frequency range, while C 1 and C 2 is used to control the gain conditions. This arrangement improves the frequency stability of the circuit, making the Clapp oscillator a better option than other oscillator designs such as the Colpitts.
The unpackaged capacitive pressure sensor system is shown in Fig. 1 . The Clapp-type oscillator was fabricated on a 3.5 mm x18 mm x 500 m alumina substrate. Photolithography was used to create thin film Au interconnects. The MESFET, wire-wound inductors and titanate capacitors that comprise the oscillator were individually mounted on the substrate. DC bias circuits were added at the gate and drain inputs of the MESFET and consisted of a series 10 k resistor on the gate and two 90 pF MIM capacitors in shunt and a 390 nH wirewound inductor on the drain. The sensor and oscillator were epoxied to a 6x35 mm exhibited a C of 0.8743 pF or 3.5% from 0 to 100 psi. At 400°C, the sensor had a C of 0.8944 pF or 3.6% over the same pressure range. The sensitivity at 25 and 400°C was 8.7 x 10 -3 pF/psi and 8.9 x 10 -3 pF/psi, respectively. The capacitors, resistors and inductors were characterized at the operational frequency of the circuit and exhibited less than a 5% variance in electrical performance up to 400°C. Figure 2 shows the packaging used to enable both benchtop acceptance tests as well as on-engine testing. Details are described elsewhere [4] . The package incorporated two thermcouples used to ascertain the temperature near the sensor/engine interface as well as the sensor electronics. Using these thermocouples, it was determined that an interface temperature of 540°C corresponded to an electronics temperature of 400°C. The packaged pressure sensor was characterized at room temperature at pressures of 0, 100, 200, 300 and 350 psi using an Agilent E440A spectrum analyzer. The corresponding resonant frequencies at these pressures were 96.88, 102.79, 109.54, 116.77 and 119.862 MHz, respectively.
III. BENCHTOP ACCEPTANCE TESTING
To emulate the temperature and pressure conditions on a jet turbofan engine, the packaged pressure sensor was heated to over 500°C and the pressure was increased from 0 to over 300 psi in a custom-configured oven. The sensor was first evaluated at 0 psi at temperatures of 25 and 540°C to determine its temperature sensitivity. Less than a 1% downward shift in resonant frequency was observed. The frequency response at 540°C for pressures of 0 and 320 psi is shown in Fig. 3 . For oscillation, the system was biased with -9 V on the gate, 8 V on the drain and a drain current of 100 mA. At 540°C, the system exhibited a frequency shift from 96.3 to 117.8 MHz as the pressure changed from 0 to 320 psi, a 20% change in resonant frequency. This relates to a system sensitivity of 6.8 x 10 -2 MHz/psi.
Room temperature structural dynamic tests were performed to evaluate performance when the sensor was exposed to the expected vibration environment of a turbo fan engine. The packaged pressure sensor was connected to a borescope sensor interface adaptor (which is used for on-engine testing) which was attached to an aluminum plate on a vibration table. Each vibration test consisted of a 5 min. 0.25 g sinusoidal sweep before and after an exposure to 20 min. of random vibrations with a maximum vibration amplitude of 5.3G rms . The sinusoidal sweeps were conducted before and after each random vibration run to determine if any significant change in resonances were detected. The sinusoidal level was 0.25 g peak from 5 to 2000 Hz at a sweep rate of 2 octaves/minute and the random level was 5.3G rms at 15 to 2000 Hz. Both the sinusoidal and random vibration tests were performed along the x-, y-and z-axes. A profile of the random vibration test is shown in Fig. 4 .
Visual inspections before and after each vibration test were performed as well as a continuous electrical monitoring of the sensor outputs during the entire test sequence. No anomalies or failures were recorded. Furthermore the resonant frequency of the packaged pressure sensor system was recorded at the beginning and end of each test as well as continuous visual monitoring of the spectrum output from the packaged sensor. No change in resonant frequency was observed. The sensor was then measured at temperature and pressure. A representative frequency response is shown in Fig. 5 . The resonant frequency at 25°C and 0 psi before and after a vibration testing differed by only 0.5%. Comparing Figs. 3 and 5 , the frequency response to pressure at high temperature after vibration testing was virtually identical to that before testing. Figure 6 compares the resonant frequency at 25 and 520°C for 0 psi, showing a difference of only 0.8%.
IV. ENGINE TESTING
After passing benchtop acceptance testing, the sensor system was tested on a flight-worthy turbofan engine. Peripheral electronics were setup in the aircraft fuselage to provide power to the sensor system and monitor its output. This equipment was hard wired to the sensor system on the engine via a 200 ft cable. On-engine testing consisted of baseline, transient and steadystate engine test runs. The baseline test was initiated with the engine at idle, increasing engine power to maximum revolutions per minute (RPM), then decreasing the RPM in discrete steps until reaching the idle condition. This segment is followed by a ramp up and ramp down in RPMs at constant rate which was then followed by a "snap" which is simply a high rate power up/power down step. A schematic diagram of the baseline test is shown in Fig. 7 . The transient test run (not shown) consisted of a series of ramp-type accelerations and declarations and the steady-state run involved setting the engine at a fixed RPM level for a prescribed period of time. The sensor output for the baseline run test is shown in Fig. 8 . From these figures it is seen that the capacitive pressure sensor system correctly tracked the engine performance. More importantly the sensor system tracked the performance of the engine throughout the entire 3 run testing period which was approximately 17 hours.
V. CONCLUSIONS
A packaged pressure sensor system for jet turbofan engine health monitoring has been developed. Benchtop acceptance testing under relevant pressure, temperature and vibration conditions was conducted on the packaged system. The system shows negligible change in frequency at 25 and 540°C (~ 400°C at the electronics) over a pressure range of 0 to 320 psi. The packaged system exhibits a 20% change in resonant frequency over its operational pressure range, translating to a sensitivity of 6.8%. Sinusoidal and random vibration testing with a maximum vibration of 5.3 G rms was applied to the packaged sensor system with no performance degradation before, during and after the testing. The packaged sensor system was able to accurately track the performance of a flight-worthy turbofan engine for 17 hours. 
